N-cadherin is a homophilic adhesion protein that remains expressed at mature excitatory synapses beyond its developmental role in synapse formation. We investigated the trans-synaptic activity of N-cadherin in regulating synapse function in rodent cultured hippocampal neurons using optical methods and electrophysiology. Interfering with N-cadherin in postsynaptic neurons reduced basal release probability (p r ) at inputs to the neuron, and this trans-synaptic impairment of release accompanied impaired vesicle endocytosis. Moreover, loss of the GluA2 AMPA-type glutamate receptor subunit, which decreased p r by itself, occluded the interference with postsynaptic N-cadherin. The loss of postsynaptic N-cadherin activity, however, did not affect the compensatory upregulation of p r induced by chronic activity silencing, whereas postsynaptic b-catenin deletion blocked this presynaptic homeostatic adaptation. Our findings suggest that postsynaptic N-cadherin helps link basal pre-and postsynaptic strengths to control the p r offset, whereas the p r gain adjustment requires a distinct trans-synaptic pathway involving b-catenin. VOLUME 15 | NUMBER 1 | JANUARY 2012 nature neurOSCIenCe a r t I C l e S neuron originated from untransfected control neurons (Fig. 1a,b) . Consistent with a reported role for N-cadherins in synapse formation and maintenance 1 , DN-NCad neurons received ~40% fewer synapses than controls, whereas WT-NCad neurons had a synapse density comparable to that of control neurons (data not shown). To assess whether postsynaptic N-cadherin affected the presynaptic organization transsynaptically, we quantified synaptophysin, an abundant synaptic vesicle membrane protein, and bassoon, an active zone component, by immunofluorescence labeling (Fig. 1c,d and Supplementary Fig. 1) . Compared to synapses on control untransfected neurons, synapses remaining on DN-NCad neurons showed less synaptophysin and bassoon (fold respectively: DN-NCad, 0.85 ± 0.03 and 0.79 ± 0.06; WT-NCad, 1.05 ± 0.05 and 1.03 ± 0.07; GFP, 1.11 ± 0.05 and 0.98 ± 0.03), suggesting that there were fewer synaptic vesicles and a smaller active zone when N-cadherin activity was trans-synaptically impaired. We also determined the cell-autonomous effect of DN-NCad on postsynaptic receptors in cis. Live labeling for surface GluA2 AMPAR subunit also revealed a specific reduction in synaptic GluA2 signal (apposed to synapsin I) in DN-NCad (0.78 ± 0.06; P < 0.01) but not in WT-NCad neurons (1.03 ± 0.06; P > 0.2) relative to controls (0.98 ± 0.03) (Fig. 1f) , consistent with our previous observations on quantal amplitudes 5 . Total synaptic AMPAR, however, was unchanged for neurons expressing WT-NCad (0.98 ± 0.06; P > 0.2), DN-NCad
The formation and morphogenesis of nascent synaptic contacts are assisted by adhesion proteins, including cadherins that mediate Ca 2+ -dependent homophilic intercellular interactions. Recent studies highlight roles for N-cadherin, the most widely expressed classical cadherin family member in neurons, in regulating dendritic spine morphology and synaptic efficacy beyond its established function in shaping developing synaptic networks. Interfering with N-cadherindependent adhesion not only produces fewer synapses 1 but also increases dendritic spines with immature morphology [1] [2] [3] [4] , reduces synaptic vesicle cluster size and turnover 1, 3, 4 and impairs synaptic plasticity 5, 6 . Furthermore, loss of N-cadherin expression also accompanies spine shrinkage and defects in long-term potentiation [7] [8] [9] and in short-term synaptic plasticity 10, 11 .
Neurotransmitter release probability (p r ) is a key presynaptic determinant of synaptic efficacy, and it is dynamically altered during synaptic plasticity. Moreover, p r is highly heterogeneous among different synapses, even for those formed onto the same neuron [12] [13] [14] . Over the past decades, our understanding of the mechanisms of p r regulation has significantly advanced, particularly with respect to the contribution of intracellular Ca 2+ dynamics and Ca 2+ -binding proteins 15, 16 . However, we know very little about how basal p r is set at individual synapses and about how p r is homeostatically adjusted according to changes in network activity. Recent studies have suggested that p r is set retrogradely in a manner compensatory to postsynaptic activity 17, 18 and that such regulation is implemented locally at the level of dendritic branches 17 . Although molecular mechanisms of the retrograde control of p r remain to be delineated, both diffusible molecules 19, 20 and synapse adhesion proteins 21, 22 have been implicated in this process.
Here we have explored whether N-cadherins, through their homophilic interactions, could directionally control synaptic strength and contribute to the retrograde regulation of p r . We have previously shown that the postsynaptic N-cadherin/β-catenin complex modulates synaptic AMPA receptor (AMPAR) abundance under basal conditions in a cell-autonomous manner ('in cis') 5 . Furthermore, loss of β-catenin in postsynaptic neurons prevents homeostatic synaptic scaling of AMPARs induced by chronic changes in network activity. Here we find that interfering with N-cadherin activity selectively in postsynaptic neurons is sufficient to impair presynaptic strength 'in trans' , an effect that is occluded by the loss of GluA2. In contrast, the ability of synapses to homeostatically adapt p r remains unaffected. Notably, postsynaptic N-cadherin and β-catenin are differentially required for regulating presynaptic release in trans. Unlike loss of N-cadherin, loss of postsynaptic β-catenin does not affect p r under basal conditions but prevents homeostatic upregulation of p r induced by activity silencing. Our findings reveal two molecularly dissociable components of presynaptic strength regulation: one for setting the level of basal presynaptic strength and the other for adjusting the gain.
RESULTS
Postsynaptic N-cadherin affects presynaptic organization To examine how postsynaptic N-cadherin regulated presynaptic organization and function trans-synaptically, we interfered with N-cadherin activity in isolated neurons and studied the properties of presynaptic inputs formed onto such neurons. We first compared the effects of overexpressing C-terminally GFP-tagged wild-type N-cadherin (WT-NCad), a dominant negative N-cadherin lacking the extracellular cadherin repeats required for effective intercellular adhesion (DN-NCad) 5 , and a control GFP vector ( Fig. 1) . Neurons were transfected at 10 days in vitro (DIV), after the initial wave of synaptogenesis. The low transfection efficiency (<10 neurons per coverslip) ensured that most presynaptic inputs onto a transfected (1.14 ± 0.06; P > 0.2) or control GFP (1.02 ± 0.08; P > 0.2) compared to untransfected cells on the same coverslip ( Fig. 1e) , suggesting that DN-NCad specifically altered the surface-to-intracellular distribution of AMPARs.
We next investigated the ultrastructural organization of presynaptic boutons on neurons transfected with the N-cadherin constructs by correlative light and serial electron microscopy ( Fig. 2a,b ). Synapses had a normal appearance whether they contacted the dendrites of WT-NCad, DN-NCad or control GFP neurons. However, quantification revealed that there were significantly fewer total synaptic vesicles at boutons on DN-NCad neurons than at those on control or WT-NCad neurons (DN-NCad, 132 ± 9 (P < 0.001); WT-NCad, 237 ± 14; GFP, 245 ± 12; Fig. 2c ). Furthermore, the number of vesicles docked at the active zone was also smaller in presynaptic boutons on DN-NCad neurons than on control GFP or WT-NCad neurons (DN-NCad, 3.0 ± 0.4 (P < 0.001); WT-NCad, 6.0 ± 0.4; GFP, 7.0 ± 0.6; Fig. 2d ). Figure 1 Postsynaptic expression of DN-NCad decreases presynaptic proteins. (a) Experimental scheme: owing to a low transfection efficiency, a neuron expressing a construct of interest receives inputs mostly from untransfected cells. Dashed lines, axons; solid lines, dendrites. (b) Example image of a hippocampal neuron expressing GFP-tagged WT-NCad and double labeled for synapsin (red) and MAP2 (blue). Boxed area is magnified in inset. Main scale bar, 20 µm; inset, 3 µm. (c-f) Integrated immunofluorescence intensity of puncta labeled for pre-and postsynaptic proteins in cells postsynaptically expressing WT-NCad (NC), DN-NCad (DN) or GFP. Synaptic puncta were identified by double labeling for bassoon or synaptophysin and GluA2/3 (using a rabbit polyclonal antibody cross-reactive with GluA2 and GluA3), or for synapsin and surface GluA2. Error bars show mean ± s.e.m. for each group relative to untransfected neighboring neurons in the same field of view. The number of neurons is indicated in the bars; *P < 0.05, **P < 0.01, ***P < 0.001; NS, no statistically significant difference; one-way analysis of variance (ANOVA) followed by Tukey's test. Error bars show mean ± s.e.m. The number of neurons used is shown in the bars; n = 23, 16 and 24 synapses for NC, DN and GFP, respectively. One-way ANOVA followed by Tukey's test. ***P < 0.001; NS, no statistically significant difference. a r t I C l e S These observations are consistent with results from immunofluorescence analysis for synaptophysin and bassoon, which were diminished specifically in DN-NCad-expressing neurons. Thus, postsynaptic expression of DN-NCad is sufficient to trans-synaptically compromise the presynaptic organization. Notably, postsynaptic overexpression of WT-NCad had no effects on the presynaptic organization. This could be due to the limited availability of the NCad interacting proteins that are involved in the presynaptic regulation, such that excess postsynaptic NCad on its own is ineffective.
N-cadherin affects presynaptic efficacy in trans
To determine whether the presynaptic morphological changes induced by the postsynaptic DN-NCad were associated with functional changes, we monitored synaptic vesicle dynamics using the styryl dye FM4-64 or an antibody to the luminal domain of synaptotagmin I. Field stimulation (900 action potentials at 10 Hz) was applied to neurons in the presence of FM4-64 or the synaptotagmin antibody to label the total recycling pool of synaptic vesicles (Fig. 3) . The recycling pool was significantly smaller in boutons on DN-NCad neurons but not on WT-NCad neurons relative to those on control neurons (in arbitrary units: for FM dye, DN-NCad 411 ± 45 (P < 0.001), WT-NCad 575 ± 29, GFP 629 ± 38; Fig. 3d ; for synaptotagmin, DN-NCad 124 ± 5 (P < 0.001), WT-NCad 150 ± 7, GFP 159 ± 8; Fig. 3h ). To test whether this smaller recycling pool accompanied a decrease in release probability, we performed optical quantal analysis to estimate p r at individual synapses 13, 23, 24 (Fig. 4a,b) . Boutons formed onto DN-NCad neurons showed a 42% lower p r , whereas no change was observed at WT-NCad neurons, in comparison to GFP or untransfected controls (DN-NCad 0.20 ± 0.01 (P < 0.001), WT-NCad 0.33 ± 0.02, GFP 0.35 ± 0.03, untransfected 0.34 ± 0.03).
Intercellular adhesion mediated by classical cadherins is highly dependent on extracellular calcium 25 . We therefore wondered whether the trans-synaptic decrease in p r caused by the postsynaptic expression of DN-NCad could be linked to the loss of Ca 2+ sensitivity of neurotransmitter release-for example, by affecting the organization or activity of Ca 2+ channels. However, raising the extracellular Ca 2+ from 2 to 5 mM increased p r at synapses on DN-NCad neurons by ~50% (0.18 ± 0.02 to 0.28 ± 0.02), an extent comparable to the p r increase observed at control GFP neurons under the same conditions (0.27 ± 0.01 to 0.41 ± 0.02; Fig. 4c ). Thus, despite the reduced p r , synapses on DN-NCad neurons retained the capacity to respond to changes in extracellular Ca 2+ .
As DN-NCad acts as a dominant negative for all classical cadherins, we confirmed the specificity for postsynaptic N-cadherin in regulating p r using a short hairpin RNA to knock down endogenous N-cadherin in postsynaptic neurons. Presynaptic boutons on neurons expressing the shRNA, whose potency in reducing N-cadherin in hippocampal neurons has been previously confirmed 8 , showed a lower p r (0.15 ± 0.02%) than boutons on neurons receiving a scrambled shRNA (0.23 ± 0.01; P < 0.01; Supplementary Fig. 2) , and the extent of decrease of p r was comparable to that observed for DN-NCad-expressing neurons ( Fig. 4b) . Therefore, loss of postsynaptic N-cadherin activity is sufficient to compromise neurotransmitter release in trans.
We also confirmed the specificity for postsynaptic N-cadherin impairment on presynaptic organization in trans and AMPAR levels in cis using the shRNA (Supplementary Fig. 2) . Bassoon, synaptophysin and surface GluA2 immunofluorescence intensity at synapses received by shRNA-expressing neurons were significantly reduced (P < 0.001) compared to intensity at synapses received by control scrambled shRNA neurons (fold relative to untransfected neurons: for bassoon, N-cadherin shRNA 0.64 ± 0.06, scrambled 0.98 ± 0.04; for synaptophysin, N-cadherin shRNA 0.70 ± 0.04, scrambled 1.0 ± 0.07; for surface GluA2, N-cadherin shRNA 0.67 ± 0.05, scrambled 1.02 ± 0.07), similarly to the reduction we observed for the DN-NCad overexpression.
The major intracellular binding partner of N-cadherin is β-catenin, which, together with α-catenin, links cadherins to the F-actin cytoskeleton. To test whether β-catenin functions in the trans-synaptic modulation of presynaptic function by N-cadherin, we first examined whether impairing N-cadherin activity altered the localization of β-catenin. The pattern of synaptic distribution of endogenous β-catenin was not appreciably different in DN-NCad neurons compared to WT-NCad or control GFP neurons ( Supplementary Fig. 3 ). We next tested whether the ability of postsynaptic N-cadherin to regulate presynaptic release required its interaction with β-catenin by overexpressing a mutant N-cadherin lacking the β-catenin binding region in its C-terminal domain (NC-∆C) 5 . Synapses formed onto NC-∆C neurons showed a p r comparable to control neurons (NC-∆C, 0.28 ± 0.03; GFP, 0.33 ± 0.02; P > 0.2; Supplementary Fig. 2 ), suggesting that postsynaptic N-cadherin modulates presynaptic release in a β-catenin-independent manner.
To further clarify whether β-catenin can regulate p r in trans, we used cultures from mice with a loxP-flanked ('floxed') β-catenin gene 26 a r t I C l e S sparse numbers of neurons, and determined the consequence on presynaptic organization and function as described above ( Supplementary  Fig. 4 ). Neurons transfected with Cre-IRES-GFP at10 DIV showed a loss of β-catenin immunofluorescence labeling by DIV 14 (ref. 5) . In contrast to impairing postsynaptic N-cadherin activity, postsynaptic loss of β-catenin produced no changes in synaptophysin and bassoon abundance compared to control IRES-GFP or untransfected neurons (relative to untransfected neurons: synaptophysin Cre-IRES-GFP 0.96 ± 0.02, IRES-GFP 1.00 ± 0.03, P > 0.2; bassoon Cre-IRES-GFP 0.97 ± 0.06, IRES-GFP 0.99 ± 0.04, P > 0.2). Likewise, optical quantal analysis revealed no significant differences in p r in boutons on β-catenin ablated neurons (0.28 ± 0.02) compared to that in boutons on control IRES-GFP neurons (0.25 ± 0.02, P > 0.2; Supplementary Fig. 2f ).
Altogether, these results suggest that the trans-synaptic regulation of basal presynaptic strength does not require postsynaptic β-catenin.
We also determined the effect of β-catenin loss on the postsynaptic AMPAR abundance in cis. Synaptic GluA2 was lower in β-catenin ablated neurons (0.92 ± 0.03 fold) than in control IRES-GFP neurons (1.10 ± 0.04 fold; P < 0.05; Supplementary Fig. 4e ), consistent with our previous finding of a role for β-catenin in regulating synaptic AMPAR currents in cis 5 .
To confirm our finding of trans-synaptic regulation of neurotransmitter release by postsynaptic N-cadherin in an independent assay, we performed whole-cell patch clamp recordings from connected cell pairs in which the postsynaptic neuron overexpressed WT-NCad, DN-NCad or control GFP, or shRNA for N-cadherin or control scrambled shRNA. Short-term depression is a form of plasticity in which the extent of depression of postsynaptic responses to successive stimulation correlates with the initial p r , with synapses having higher p r producing larger depression and those with lower p r showing smaller depression 16 . We monitored short-term depression by evoking trains of ten action potentials at 25 Hz in the presynaptic neuron and recording excitatory postsynaptic currents (EPSCs) in the monosynaptically connected postsynaptic neuron. Peak EPSC amplitudes depressed significantly less for postsynaptic neurons overexpressing DN-NCad than for those expressing WT-NCad or GFP, and likewise, significantly less for neurons expressing N-cadherin shRNA than for those with control scrambled shRNA ( Fig. 4d-g) . This result is consistent with our observations of the reduced p r of synapses on DN-NCad or N-cadherin knockdown neurons from optical quantal analysis, and it further confirms the role of N-cadherin in regulating basal neurotransmitter release in trans.
We also monitored short-term depression from connected cell pairs in which β-catenin in the postsynaptic neuron was knocked down. In agreement with optical quantal analysis, loss of β-catenin had no effect on the rate of depression of EPSC amplitudes ( Supplementary  Fig. 4f ). Therefore, unlike postsynaptic N-cadherin, postsynaptic β-catenin is not required in trans to regulate basal p r .
Effectors of presynaptic regulation by N-cadherin in trans
Because N-cadherin is a homophilic adhesion protein, postsynaptic N-cadherin could influence presynaptic strength by interacting with presynaptic N-cadherin. In this case, interfering with N-cadherin activity presynaptically should mimic the effects of postsynaptic N-cadherin disruption. Unexpectedly, however, synapses between axons overexpressing WT-NCad, DN-NCad or control GFP (identified by co-labeling for neurofilament H or Tau) and dendrites of untransfected neurons showed similar levels of synaptophysin and bassoon to synapses between untransfected axons and dendrites (synaptophysin and bassoon, respectively: WT-NCad, 1.10 ± 0.09 and 0.98 ± 0.06; DN-NCad, 0.90 ± 0.03 and 0.95 ± 0.06; GFP, 0.98 ± 0.05 and 0.98 ± 0.05; P > 0.2; Fig. 5a,b) . Moreover, we found no significant differences in p r for boutons along axons of WT-NCad or DN-NCad neurons relative to control GFP neurons by optical quantal analysis (WT-NCad, 0.18 ± 0.03; DN-NCad, 0.18 ± 0.03; GFP, 0.24 ± 0.03; P > 0.2; Fig. 5c ). Such a lack of change in presynaptic release was also supported by paired recordings in which short-term depression was a r t I C l e S similar whether the presynaptic neuron overexpressed WT-NCad, DN-NCad or control GFP or was knocked down for N-cadherin or expressed control scrambled shRNA ( Fig. 5d-f) . Thus, interfering with presynaptic N-cadherin was not sufficient to impair neurotransmitter release in cis, in contrast to the potent effect of impairing postsynaptic N-cadherin in trans. Furthermore, a lack of effect of presynaptically disrupting N-cadherin activity suggests that postsynaptic N-cadherin adjusts presynaptic strength retrogradely by mechanisms that function independently of presynaptic N-cadherin. Previous studies have implicated N-cadherin and GluA2 AMPAR subunits in regulating synaptic integrity and function 27, 28 ; moreover, these two proteins may interact directly to effect their control 9 . We therefore addressed the question of GluA2 in the N-cadherin-dependent trans-synaptic regulation of release by impairing postsynaptic N-cadherin activity when GluA2 expression was knocked down by short interfering RNA (Fig. 6) . Loss of GluA2 by itself without manipulating N-cadherin activity was sufficient to reduce p r (scrambled siRNA and GFP control, 0.29 ± 0.02; GluA2 siRNA and GFP control, 0.18 ± 0.02; P < 0.001). Moreover, in the absence of GluA2, overexpressing either WT-NCad or DN-NCad had no extra effect on p r compared to overexpressing control GFP (GluA2 siRNA and DN-NCad, 0.18 ± 0.01; GluA2 siRNA and WT-NCad, 0.16 ± 0.01; P > 0.2). Cell pair recordings in which the postsynaptic neuron was knocked down for GluA2 also showed slower short-term depression than control neurons, in line with the decreased p r (Fig. 6d) . Furthermore, in GluA2 knockdown neurons, overexpressing DN-NCad did not further reduce the rate of synaptic depression compared to overexpressing WT-NCad or control GFP, suggesting a lack of further change in p r upon loss of GluA2. Collectively, both optical quantal analysis and patch clamp recordings indicate that loss of GluA2 occludes the effect of impairing N-cadherin activity on p r , and thus GluA2 could mediate the trans-synaptic actions of N-cadherin.
Neuroligin 1 (NLG-1) is another possible interactor of N-cadherin that might mediate its presynaptic regulation. A recent study reported a cooperative role for NLG-1 in controlling synaptic vesicle accumulation at developing synapses 11 . To test for potential involvement for NLG-1 in the N-cadherin-dependent trans-synaptic presynaptic a r t I C l e S modulation, we examined whether impairing postsynaptic N-cadherin altered its synaptic localization. Double immunofluorescence labeling for neuroligin (using a pan-neuroligin antibody) and vesicular glutamate transporter (VGlut) to identify excitatory synapses where NLG-1 is enriched 29 showed that the synaptic abundance of neuroligin was not significantly different in neurons overexpressing DN-NCad (402 ± 16 arbitrary units (AU)) or WT-NCad (426 ± 36 AU) from that in GFP control (410 ± 27 AU; P > 0.2; Supplementary Fig. 5) .
A lack of change in the synaptic localization of neuroligin upon perturbing N-cadherin activity is reminiscent of the lack of change we observed for β-catenin localization in DN-NCad-expressing neurons, and this finding is in agreement with the suggestion that NLG-1 could be linked to the N-cadherin/β-catenin complex by interacting with the β-catenin-binding protein S-SCAM 11 . Therefore, collectively, these observations are consistent with differential functions of postsynaptic N-cadherin and β-catenin in regulating presynaptic function. Moreover, because the cooperative facilitatory action of N-cadherin and NLG-1 in clustering of synaptic vesicles is limited to nascent immature synapses 11 , the N-cadherin-dependent mechanism we observe here could arise following a developmental switch in the trans-synaptic control of presynaptic organization.
Postsynaptic N-cadherin and homeostatic plasticity
Homeostatic mechanisms adjust synaptic strength to compensate for changes in network activity and are thought to help maintain neuronal excitation in physiological range [30] [31] [32] . Given that interfering with postsynaptic N-cadherin activity was sufficient to impair basal preand postsynaptic strengths, we wondered whether in these synapses homeostatic synaptic plasticity might also be compromised. We thus examined the requirement for postsynaptic N-cadherin activity in the compensatory increase in miniature EPSC (mEPSC) amplitude and frequency that are induced by chronically silencing activity with the Na + channel blocker TTX [33] [34] [35] [36] (Fig. 7a-c) . In agreement with previous observations, overexpressing DN-NCad in postsynaptic neurons without TTX treatment decreased mean mEPSC amplitude compared to that in control GFP neurons, whereas overexpressing WT-NCad had no effect (DN-NCad (P < 0.01), 18 ± 1.1 pA; WT-NCad, 22 ± 1.7 pA; GFP, 23 ± 2.5 pA) 5 . The mean mEPSC frequency was also significantly lower in DN-NCad neurons (DN-NCad, 0.50 ± 0.11 Hz (P < 0.01); WT-NCad, 0.91 ± 0.14 Hz; GFP, 1.03 ± 0.24 Hz), consistent with the reduced synaptic density and p r (see above). TTX treatment (1 µM for 36 h) effectively elicited homeostatic synaptic plasticity in control GFP neurons as confirmed by increased mean mEPSC amplitude (from 23 ± 2.5 to 30 ± 2.0 pA; P < 0.05) and frequency (from 1.03 ± 0.24 to 2.20 ± 0.40 Hz; P < 0.05) (Fig. 7a-c and Supplementary Fig. 6a,b) . Similarly, in neurons overexpressing WT-NCad or DN-NCad, TTX treatment also increased mEPSC amplitude (DN-NCad, from 18 ± 1.1 to 26 ± 2.7 pA; WT-NCad, from 22 ± 1.7 to 34 ± 4.9 pA; P < 0.05) and frequency (DN-NCad, from 0.50 ± 0.11 to 1.2 ± 0.25 Hz; WT-NCad, from 0.91 ± 0.14 to 3.2 ± 1.1 Hz; P < 0.05) to extents comparable to the changes observed in control GFP neurons. Collectively, interfering with postsynaptic N-cadherin activity does not seem to compromise the ability of synapses to homeostatically adapt their basal pre-and postsynaptic strengths upon chronic activity blockade. AMPAR trafficking is important in various forms of synaptic plasticity 32, [37] [38] [39] , and synaptic accumulation of AMPA receptors containing GluA1 (refs. 40,41) and/or GluA2 subunits [42] [43] [44] could underlie homeostatic scaling of quantal size. Given that N-cadherin interacts with and regulates the trafficking of GluA2-containing AMPARs 9 (although see ref. 45) , disrupting postsynaptic N-cadherin activity could alter the subunit composition of synaptic AMPARs. To gain insight into possible differential contribution of GluA1 and GluA2 AMPARs to synaptic scaling in neurons compromised for N-cadherin activity, we compared the average mEPSC waveform between TTX-treated and 2), DN-NCad neurons selectively showed a faster mEPSC decay than nondrug-treated cells upon TTX treatment (3.68 ± 0.19 ms; P < 0.05); we observed no changes in mEPSC decay for WT-NCad or control GFP neurons upon TTX treatment (WT-NCad, 4.15 ± 0.37 ms; GFP, 4.37 ± 0.33 ms; P > 0.2) (Supplementary Fig. 6c ). The faster decay of mEPSCs in TTX-treated DN-NCad neurons might represent changes in synaptic structure and/or organization associated with impaired postsynaptic N-cadherin activity during homeostatic synaptic plasticity. Alternatively, AMPAR subunit composition might have changed toward GluA1 dominance, as GluA1 currents are larger and decay faster than GluA2 currents 41, 46 . In such a case, the scaling up of GluA2 AMPARs after TTX treatment could be compromised in DN-NCad neurons, despite the apparent lack of change in mEPSC amplitude.
To further clarify how N-cadherin might influence the relative contribution of GluA1 and GluA2 to synaptic scaling, we directly monitored surface synaptic GluA1 and GluA2 by live immunolabeling followed by synapsin I labeling to help identify synapses. Whereas TTX treatment increased surface synaptic GluA2 in WT-NCad (from 0.9 ± 0.02 to 1.2 ± 0.05 fold) and control GFP neurons (1.0 ± 0.02 to 1.2 ± 0.04 fold), we detected no such increase in surface synaptic GluA2 in DN-NCad cells upon TTX treatment (from 0.8 ± 0.03 to 0.9 ± 0.05 fold; Fig. 7d ). Conversely, surface synaptic GluA1 increased in all three conditions after TTX treatment (WT-NCad, from 1.1 ± 0.04 to 1.3 ± 0.05; DN-NCad, from 0.9 ± 0.06 to 1.2 ± 0.04; GFP, from 1.0 ± 0.06 to 1.3 ± 0.07; Supplementary Fig. 6d ). Taking these results together, DN-NCad specifically altered the subunit composition of synaptic AMPARs during homeostatic synaptic scaling, and postsynaptic N-cadherin function was required for scaling up GluA2 but not GluA1.
The mEPSC frequency is a parameter whose changes could indicate altered p r , although other factors such as synapse density and postsynaptic silencing could also contribute. Therefore, to corroborate the mEPSC frequency analysis in investigating postsynaptic N-cadherin's role in homeostatic adaptation of presynaptic release, we used optical quantal analysis to estimate p r and compared the effect of TTX treatment at synapses received by neurons overexpressing WT-NCad, DN-NCad or control GFP (Fig. 7e) . At boutons on control GFP neurons, TTX significantly increased p r relative to non-drug-treated cells (from 0.34 ± 0.04 to 0.54 ± 0.05; P < 0.05). TTX treatment also increased p r at synapses on WT-NCad (from 0.33 ± 0.03 to 0.60 ± 0.05; P < 0.01) and DN-NCad neurons (from 0.19 ± 0.01 to 0.34 ± 0.07; P < 0.05), to an extent comparable to the p r increase observed in control GFP neurons. Moreover, neurons overexpressing the NC-∆C mutant, lacking the β-catenin binding region, also showed a similar increase in p r relative to control GFP neurons upon TTX treatment (from 0.22 ± 0.0.1 to 0.39 ± 0.04 (P < 0.001) and from 0.22 ± 0.04 to 0.40 ± 0.03 (P < 0.01) for NC-∆C and control GFP, respectively; Fig. 7f ). Postsynaptic N-cadherin activity, including its interaction to β-catenin, is therefore not required for the homeostatic upregulation of p r induced by chronic activity block.
b-catenin in homeostatic regulation of release probability
Our experiments show that, contrary to expectations, postsynaptic N-cadherin and β-catenin have differential effects on presynaptic efficacy and organization in trans: unlike impairing postsynaptic N-cadherin activity, ablating postsynaptic β-catenin did not affect the basal p r and the levels of synaptophysin and bassoon. As the NC-∆C mutant unable to interact with β-catenin did not block TTX-dependent increase in p r , we wondered whether homeostatic upregulation of presynaptic strength could also differentially involve postsynaptic N-cadherin and β-catenin in trans. We therefore analyzed p r with or without TTX treatment at synapses where β-catenin was knocked down specifically in postsynaptic neurons using cultures from β-catenin floxed mice (see above). Whereas in control GFP neurons TTX treatment significantly increased p r relative to non-TTX-treated cells (from 0.25 ± 0.02 to 0.39 ± 0.04; P < 0.05), boutons on Cre-IRES-GFP neurons did not upregulate p r relative to untreated cells (from 0.28 ± 0.02 to 0.26 ± 0.04; P > 0. 2; Fig. 7g ). We also carried out pairwise patch clamp recordings in β-catenin floxed cultures where the postsynaptic neuron expressed either Cre or control GFP. TTX treatment increased the rate of synaptic depression to repetitive stimulation only in control GFP and not in β-catenin knockdown neurons expressing Cre (Supplementary Fig. 4f ), in agreement with a block of upregulation of p r upon loss of postsynaptic β-catenin. Therefore, postsynaptic β-catenin is required in trans for the homeostatic upregulation of p r induced by chronic activity silencing, whereas postsynaptic N-cadherin activity is dispensable under parallel conditions. β-catenin has several protein interaction domains. In particular, the central armadillo repeat region mediates binding to N-cadherin and to TCF/LEF transcription factors, while the PDZ binding motif in the C-terminal domain interacts with PDZ adaptor domain-containing proteins such as S-SCAM 11 . To determine whether these two regions function in β-catenin-dependent homeostatic adaptation of presynaptic release, we tested the effect of overexpressing β-catenin deletion mutants lacking the armadillo repeat region (∆ARM) or the PDZ binding motif (∆PDZ) 5 on p r by optical quantal analysis with or without TTX treatment (Fig. 7h,i) . As expected from the lack of effect of postsynaptic β-catenin knockdown on basal p r , we found no difference in p r between control neurons and neurons overexpressing either β-catenin ∆PDZ or ∆ARM mutant under basal conditions. After TTX treatment, however, whereas β-catenin ∆PDZ neurons increased p r (from 0.28 ± 0.04 to 0.50 ± 0.08; P < 0.01) similarly to control neurons (from 0.23 ± 0.03 to 0.53 ± 0.04; P < 0.001), we observed no such a r t I C l e S increase for β-catenin ∆ARM neurons (0.27 ± 0.04 to 0.34 ± 0.03). Therefore, β-catenin interactions by means of the armadillo repeat region but not the PDZ binding domain are important for presynaptic homeostatic adaptation. Because the association between β-catenin and N-cadherin was dispensable for upregulating p r upon activity silencing (Fig. 7f) , transcriptional regulation by β-catenin in postsynaptic neurons is likely to be a key component of the mechanism of retrograde homeostatic modulation.
Postsynaptic N-cadherin affects endocytosis in trans Our finding that the loss of postsynaptic N-cadherin activity compromises p r in trans was based on the optical quantal analysis, which relied on exo-endocytic coupling of synaptic vesicles to monitor the FM dye uptake. Thus, the observed reduction in presynaptic efficacy could be due to alterations in synaptic vesicle exocytosis, endocytosis or both. To clarify this point, we examined the time course of exocytosis and endocytosis separately at boutons on neurons overexpressing DN-NCad or control GFP (Fig. 8) . First, we analyzed exocytosis by preloading the entire recycling pool with FM4-64 and then monitoring dye destaining kinetics during 2-Hz stimulation (Fig. 8a,c) . Single exponential fits showed no differences in the rate of fluorescent dye loss between synapses expressing the DN-NCad or GFP postsynaptically (P > 0.2; decay time constants 108 ± 2.6 s and 113 ± 3.4 s for control and DN-NCad, respectively). Therefore, postsynaptic DN-NCad is not sufficient to trans-synaptically compromise synaptic vesicle exocytosis per se.
Next we measured the kinetics of endocytosis by determining the amount of FM dye uptake at different time intervals (∆t) after the end of a 300-action potential stimulus train (Fig. 8b,d) . In this assay, progressively fewer endocytic events are caught with increasing ∆t, thereby leading to less dye incorporation into synaptic vesicles, and the rate of reduction in the amount of dye uptake is a measure of the endocytosis rate 47 . Boutons on DN-NCad neurons showed a substantially slower decline in FM dye uptake than control boutons, with half-maximal uptake occurring at about 32 s from the end of stimulation for DN-NCad-expressing neurons and about 18 s for control boutons. Therefore, interfering with postsynaptic N-cadherin activity induced a twofold reduction in the endocytosis rate. These data indicate that postsynaptic N-cadherin controls presynaptic efficacy transsynaptically by targeting synaptic vesicle endocytosis.
DISCUSSION
We have systematically studied the trans-synaptic regulation of presynaptic efficacy by N-cadherin. Two independent assays for monitoring synaptic vesicle dynamics, FM dyes and antibody to the synaptotagmin I luminal domain, confirmed that interfering with postsynaptic N-cadherin activity reduces transmitter release in trans, which was also supported by slowed short-term synaptic depression. Recently, pHluorin-tagged vesicle proteins have been popularly used to monitor synaptic vesicle recycling, particularly in cultured neurons where one can follow single quantal events. We did not use genetically encoded vesicle probes, however, because of the very low yield of synapses that presynaptically express the optical probe and are postsynaptically manipulated for N-cadherin or β-catenin expression.
In contrast to overexpressing DN-NCad or knocking down endogenous N-cadherin, overexpressing WT-NCad in postsynaptic neurons produced no evident changes in the presynaptic organization and release in trans. The cytoplasmic domain of N-cadherin interacts with a variety of proteins, such as β-catenin and p120-catenin family members 48 . If the presynaptic modulation by postsynaptic N-cadherin is facilitated or occurs through N-cadherin-interacting proteins, then the abundance and/or activity of the interacting proteins could be limiting, and excess postsynaptic N-cadherin without a binding partner might be ineffective in exerting trans-synaptic control. Notably, overexpressing DN-NCad or WT-NCad or knocking down endogenous N-cadherin in axons has no effect on presynaptic synaptophysin and bassoon levels or on p r . Therefore, presynaptic N-cadherin seems to be dispensable for controlling the presynaptic organization and function, further highlighting the importance of postsynaptic N-cadherininteracting proteins for mediating the presynaptic changes.
Our study reveals GluA2 as a potential N-cadherin interactor in the trans-synaptic mechanism that controls p r . This is in agreement with previous reports of a role for GluA2 in regulating synapse integrity and function 27, 28 , which may involve a direct interaction between N-cadherin and GluA2 (ref. 9). However, despite the apparent requirement for GluA2 in regulating p r , the decreased synaptic GluA2 observed with impairment of postsynaptic N-cadherin activity or β-catenin accompanied a reduced p r only with N-cadherin interference but not with β-catenin loss. Such a lack of change in p r in β-catenin knockdown neurons could reflect the difference in the way in which GluA2 is reduced when β-catenin is knocked down compared to when N-cadherin activity is impaired. That is, the remaining GluA2 receptors in β-catenin knockdown neurons might still be complexed to and/or interacting with N-cadherin in sufficient numbers to enable presynaptic control.
The reduced p r upon impairment of postsynaptic N-cadherin activity is associated with a prominent slowing of endocytosis without an appreciable change in exocytosis. The slowed endocytosis could at least partly account for the observed decreases in the total synaptic vesicle number and the recycling vesicle pool size. How might postsynaptic N-cadherin affect presynaptic endocytosis in trans? As one possibility, postsynaptic N-cadherin interactors could generate a diffusible retrograde signal or modify other adhesion protein-dependent signaling system spanning the synaptic cleft 49 to target the endocytosis machinery. Alternatively, the endocytosis defect could represent a secondary consequence of some synaptic structural change, for example, implemented by N-cadherin interaction with other adhesion systems 11, 22 . Whereas the unaltered mEPSC waveform upon DN-NCad overexpression suggests a lack of change in synaptic cleft geometry 46 , impaired postsynaptic N-cadherin activity could subtly introduce mechanical changes to the presynaptic membrane and influence exoendocytic coupling so as to substantially compromise endocytosis. Moreover, our data do not rule out a potential effect on exocytosis that may have been too small to be detected by the FM dye destaining experiments. In dual patch clamp recordings, the reduced synaptic depression in DN-NCad neurons relative to controls is detectable within 80 ms (Fig. 4e) ; this is much faster than the time scale of endocytosis, which occurs in seconds. Further studies are needed to clarify the mechanism by which a synaptic vesicle endocytosis defect arises when postsynaptic N-cadherin activity is impaired.
We find that postsynaptic N-cadherin and β-catenin differentially affect presynaptic efficacy in trans. Whereas postsynaptic N-cadherin is required for basal p r regulation but not for homeostatic presynaptic adaptation, postsynaptic β-catenin is apparently not required for controlling the basal p r but is needed for the homeostatic resetting of p r . Such differential requirements were unexpected given the robust link between N-cadherin and β-catenin 48 . Nevertheless, our findings are in line with a suggestion that excitatory synapses contain a pool of N-cadherin that does not colocalize with β-catenin and responds to synaptic activity in a β-catenin-independent manner 50 . Notably, the differential effects of interfering with postsynaptic N-cadherin and β-catenin also extend to synapse density along dendrites. Postsynaptic DN-NCad overexpression reduces synapse density 1 and mEPSC frequency (Fig. 7c) , in agreement with a role for postsynaptic a r t I C l e S N-cadherin in synapse formation or stabilization. In contrast, ablating β-catenin in postsynaptic neurons does not alter synapse density or mEPSC frequency 5 . On the basis of the requirements for N-cadherin in setting the basal p r and, in parallel, for synapse formation or maintenance, it is tempting to speculate that the basal p r associated with a given synapse is set at the time of synapse formation and may be inherent in the manner in which synapses are formed and maintained. In contrast, the homeostatic adjustment of the gain of p r , which is dependent on β-catenin and possibly transcriptional modulation, is uncoupled from regulation of synapse stability, thereby allowing an extra level of control. The molecular mechanism by which postsynaptic β-catenin adjusts the presynaptic p r retrogradely according to the level of network activity will be the aim of future work.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
